Objective-To investigate the role of CD4 ϩ CD25 ϩ forkhead box P 3 (Foxp3) ϩ T-regulatory cells (Tregs) in protecting the activation and function of human umbilical vein endothelial cells (HUVECs) induced by proinflammatory stimulus and the mechanisms of it. Methods and Results-ECs play a major role in atherogenic initiation, changing their quiescence into activated phenotypes to support every phase of the inflammatory process. HUVECs were incubated alone, with Tregs or CD4 ϩ CD25 Ϫ T cells in the presence of anti-CD3 monoclonal antibodies for 48 hours, and then were stimulated with or without oxidized low-density lipoprotein/lipopolysaccharide for an additional 24 hours. Tregs are able to induce alternative expression of immune phenotypic markers of activated HUVECs by down modulating CD86 and to inhibit the adhesion molecule, such as vascular cell adhesion molecule-1 (VCAM-1) and proinflammatory cytokine (eg, monocyte chemoattractant protein-1 and interleukin 6), response of HUVECs to oxidized low-density lipoprotein/lipopolysaccharide. Moreover, Tregs downregulate proinflammatory factor nuclear factor-B activation and induce resistance to suppression of anti-inflammatory factor Kruppellike factor 2 in HUVECs induced by a proinflammatory stimulus. Mechanism studies reveal that Treg-mediated suppression of HUVEC proinflammatory cytokines and adhesion molecule expression impaired by oxidized low-density lipoprotein/lipopolysaccharide require cell contact by cytotoxic T-lymphocyte antigen-4 and CD86 and by soluble factors (mainly interleukin 10 and transforming growth factor [TGF]-␤).
A therosclerosis is a chronic inflammatory disease of the arterial wall, in which both innate and adaptive immune responses contribute to disease initiation and progression. 1, 2 The role of the immune system in atherosclerosis has received considerable interest in recent years. However, sufficient knowledge to justify the immune modulatory mechanisms has not yet been obtained.
Recent studies from several groups suggest that subtypes of T cells, called T-regulatory cells (Tregs), previously shown to maintain immunologic tolerance, inhibit the development and progression of atherosclerosis. [3] [4] [5] [6] Interestingly, the suppressive effects of these cells are not restricted to the adaptive immune system, including CD4 ϩ T, CD8 ϩ T, natural killer, or B cells. These cells can also affect the activation and function of innate immune cells (eg, monocytes, macro-phages, and dendritic cells) and neutrophils 7 ; however, their effects on endothelial cells (ECs) are less well-known.
Previous studies have shown that alloantigen-specific CD8 ϩ CD28 Ϫ T-suppressor cells can induce interleukin immunoglobulin-like transcript 3 ϩ (ILT3 ϩ ) ILT4 ϩ tolerogenic ECs, inhibiting alloreactivity. 8, 9 Because ECs are an important target of antigen-specific T-effector cells (in transplantation and in numerous autoimmune diseases), Tregs that inhibit EC activation and/or render ECs tolerogenic are likely to have a beneficial effect in the treatment of rejection, autoimmunity, and possibly atherosclerosis. Thus, the identification and characterization of Tregs regulating EC activation, inflammation, and dysfunction could be crucial in deciphering the effects and mechanisms of Tregs in atherosclerosis. Herein, we assessed the role of CD4 ϩ CD25 ϩ Foxp3 ϩ regulatory T cells in protecting the proinflammatory activation of human umbilical vein ECs (HUVECs) and the mechanisms of it.
Methods

HUVEC Culture and Preparation of Low-Density Lipoprotein and Copper-Oxidized Low-Density Lipoprotein
HUVEC culture was performed as previously described. 10 Lowdensity lipoprotein (LDL) and copper-oxidized LDL were prepared as previously described. 11, 12 The supplemental information (available online at http//:atvb.ahajournals.org) provides descriptions of the extended protocols.
Isolation and Purification of Tregs and Coculture of T-Effector and Tregs
Isolation and purification of Tregs were performed using the method of Dieckmann et al. 13 Assays were performed using a previously published method. 14 The supplemental information provides descriptions of the extended protocols.
Coculture of HUVECs and Tregs
HUVECs that have grown to 90% confluence on 6-well plates (1ϫ10 6 cells per well) were washed 3 times with PBS and cultured in serum-free medium for 24 hours for synchronization. Then, nonadherent cells were removed and culture medium was changed. For coculture experiment, HUVECs were cultured without T cells, with Tregs (CD25 ϩ ), or with CD4 ϩ CD25 Ϫ T cells (CD25 Ϫ ) for 48 hours in the presence of anti-CD3 monoclonal antibodies (mAbs) (50 ng/mL) and then with oxidized LDL (ox-LDL) (40 g/mL)/ lipopolysaccharide (LPS) (1 g/mL) (Escherichia coli 0111:B4; Sigma, St. Louis, Mo) for an additional 24 hours; as a control group (control), HUVECs were cultured without anything but serum-free Ml99 medium for 24 hours. The concentrations of ox-LDL and LPS are those commonly used to investigate the inflammatory response in vitro. [15] [16] [17] [18] After the incubation period, floating T cells were aspi-rated, HUVECs were harvested, and supernatants were collected for further experiments.
Detailed Procedures
The supplemental information provides detailed descriptions of the following procedures: (1) flow cytometry for the detection of human leukocyte antigen (HLA) DR, CD86, CD80, and VCAM-1; (2) ELISA for the detection of monocyte chemoattractant protein (MCP)-1, IL-6, IL-10, and TGF-␤; (3) real-time RT-PCR for the detection of VCAM-1, MCP-1, IL-6, and Kruppellike factor (KLF) 2; and (4) electrophoretic mobility shift assay for the detection of nuclear factor (NF)-B.
Transwell Experiments and Fixation of Tregs
Details of Transwell (TW) experiments are given in the supplemental information. The detailed methods for fixation of Tregs are performed as previously described, 19 which may be seen in the supplemental data.
Data Analysis
All data are expressed as means of duplicate samples from 3 to 5 independently performed experiments. Data are presented as meanϮSEM. The significance of differences was estimated by ANOVA, followed by Student-Newmann-Keuls multiple comparison tests. PϽ0.05 was considered significant. All statistical analyses were performed with computer software (SPSS, version 11.0; SPSS Inc, Chicago, Ill).
Results
Identification of CD4 ؉ CD25 ؉ Foxp3 ؉ T Cells
We sorted CD4 ϩ CD25 ϩ T cells from peripheral blood mononuclear cells of healthy volunteers. As expected, the purity of CD4 ϩ CD25 ϩ T cells was Ͼ93% ( Figure 1A ) and most of the sorted CD4 ϩ CD25 ϩ T cells were Foxp3 ϩ ( Figure  1B ). To assess whether cells with a CD4 ϩ CD25 ϩ Foxp3 ϩ T-cell (Treg) phenotype also displayed functional Treg char- acteristics, we tested their capacity to suppress the proliferation of autologous cocultured CD4 ϩ CD25 Ϫ T cells (Tcon) after activation with anti-CD3 mAbs; we found that Tregs can efficiently suppress Tcon cell proliferation in a dosedependent manner ( Figure 1C and 1D).
Effects of Tregs on the Expression of Immune Phenotypic Markers of HUVECs
HUVECs were cocultured without T cells, with Tregs (CD25 ϩ ), or with CD4 ϩ CD25 Ϫ T cells (CD25 Ϫ ) in the presence of anti-CD3 mAbs for 48 hours and then with or without (control) ox-LDL for an additional 24 hours. The expression of HLA DR, CD86, and CD80 in HUVECs was determined by flow cytometry. Ox-LDL impaired HUVECs (without T cells) displayed an activating phenotype by high expression of HLA DR (15.3Ϯ3.0%, PϽ0.001) and CD86 (39.4Ϯ5.1%, PϽ0.001) compared with a resting phenotype of HUVECs (control) (3.5Ϯ1.3% and 6.2Ϯ4.9%, respectively). Treg-treated HUVECs (CD25 ϩ ) significantly decreased CD86 (20.8Ϯ6.4%) expression compared with that in a system without T cells (39.4Ϯ5.1%, PϽ0.01) or a CD25 Ϫ system (33.2Ϯ4.0%, PϽ0.05). The expression of HLA DR was significantly increased in a CD25 ϩ (27.4Ϯ4.4%, PϽ0.01) and CD25 Ϫ (36.8Ϯ3.5%, PϽ0.001) system compared with that in a system without T cells (15.3Ϯ3.0%), whereas the levels of CD80 in the parallel experiments have no significant difference among the 4 groups (control, 0.8Ϯ0.8%; without T cells, 1.7Ϯ0.7%; CD25 ϩ , 1.3Ϯ1.1%; CD25 Ϫ , 1.6Ϯ1.2%; all PϾ0.05) ( Figure 2 ). We also found that the effects of Tregs on the expression of immune phenotypic markers were seen with other proinflammatory agents, such as LPS ( Figure 2 ).
Tregs Downregulate VCAM-1, MCP-1, and IL-6 Responses of HUVECs to ox-LDL/LPS
HUVECs were cocultured without T cells, with Tregs (CD25 ϩ ), or with CD4 ϩ CD25 Ϫ T cells (CD25 Ϫ ) in the presence of anti-CD3 mAbs for 48 hours and then with or without (control) ox-LDL/LPS for an additional 24 hours. The protein levels of VCAM-1, MCP-1, and IL-6 of the HUVECs were determined by flow cytometry and ELISA. HUVECs exposed to ox-LDL have a significant increased expression of VCAM-1 (58.0Ϯ5.2%, PϽ0.001), MCP-1 (47.4Ϯ5.8 ng/mL, PϽ0.001), and IL-6 (10.8Ϯ1.4 ng/mL, PϽ0.001) compared with that from a control system (0.6Ϯ0.3%, 4.9Ϯ2.7 ng/mL, and 0.5Ϯ0.2 ng/mL, respectively). Treg-treated HUVECs significantly decreased VCAM-1 (13.6Ϯ4.0%), MCP-1 (20.6Ϯ2.0 ng/mL), and IL-6 (3.9Ϯ0.8 ng/mL) expression compared with that from the system without T cells (VCAM-1, 58.0Ϯ5.2%, PϽ0.001; MCP-1, 47.4Ϯ5.8 ng/mL, PϽ0.01; and IL-6, 10.8Ϯ1.4 ng/mL, PϽ0.01) or the CD25 Ϫ system (VCAM-1, 58.3Ϯ5.1%, PϽ0.001; MCP-1, 47.7Ϯ4.0 ng/mL, PϽ0.001; and IL-6, 9.3Ϯ1.7 ng/mL, PϽ0.01) ( Figure 3A and 3B). Similar results occurred in Treg-treated HUVECs exposed to LPS ( Figure 3A and 3B). To exclude the possible contributions of Treg-derived proinflammatory cytokines in these assays, HUVECs were precultured without T cells, with Tregs (CD25 ϩ ), or with CD4 ϩ CD25 Ϫ T cells (CD25 Ϫ ) in the presence of anti-CD3 mAbs for 48 hours; T cells were depleted by using anti-CD2 beads, and the HUVECs were stimulated with or without (control) ox-LDL/LPS for an additional 24 hours. A similar result was obtained ( Figure  3C ). More important, these latter experiments also demonstrate that the suppressive effects persist even once Tregs are removed from the assay.
The mRNA levels of VCAM-1, MCP-1, and IL-6 were also determined by real-time RT-PCR analysis. As shown in supplemental Figure, IA, GAPDH was used as endogenous control (C), and the amount of target was normalized to endogenous control gene. Coincident with the protein activity data previously given, VCAM-1, MCP-1, and IL-6 mRNA expression levels were reduced in CD25 ϩ cultures relative to cultures without T cells or CD25 Ϫ .
To explore whether there was a threshold effect for Treg-mediated suppressive expression of VCAM-1, MCP-1, and IL-6 in mRNA levels in HUVECs, HUVECs (1ϫ10 6 cells per well) were cultured with or without various concentrations of anti-CD3 mAb-pretreated Tregs (1ϫ10 5 , 2.5ϫ 10 5 , and 5ϫ10 5 cells per well, respectively) in the presence of ox-LDL for 24 hours; then, HUVEC proinflammatory cytokine expression levels were measured. A dose-dependent effect on HUVEC proinflammatory cytokine expression was noted in HUVECs (supplemental Figure, IB).
Tregs Downregulate NF-B Activation in HUVECs, Induced by a Proinflammatory Stimulus
NF-B is a ubiquitous transcription factor that regulates expression of proinflammatory and antiapoptotic genes; it is thought to play an important role in driving the inflammatory response. 20 Therefore, we examined NF-B activity in HUVECs cocultured with or without anti-CD3 mAb-activated Tregs after ox-LDL/LPS treatment. We performed an electrophoretic mobility shift assay with specific oligonucleotide probes for the NF-B binding site regions. As shown in Figure 4 , the reduced proinflammatory cytokines were reflected at the transcriptional level by a clear decreased NF-B upregulation on ox-LDL/LPS stimulation from Treg-treated HUVECs (CD25 ϩ ) (lane 4 or 7). In contrast, HUVECs cultured only with ox-LDL/LPS (without T cells) or HUVECs precultured with CD4 ϩ CD25 Ϫ T cells (CD25 Ϫ ) displayed an increase in NF-B activation on ox-LDL/LPS triggering (lane 3, 5, 6, or 8). The identity of the NF-Bspecific band was confirmed by competition analyses with unlabeled oligonucleotide (competition) (lane 1).
Tregs Induce Resistance to Suppression of KLF2 in HUVECs, Induced by a Proinflammatory Stimulus
Because the transcription factor KLF2 is considered an important mediator of the anti-inflammatory properties of the endothelium, we next investigated the influence of proinflammatory stimuli, such as ox-LDL/LPS, on KLF2 mRNA levels in control cells for various periods and after coculture with Tregs. As depicted in Figure 5A , KLF2 mRNA expression was strongly suppressed at the point of 6 hours after treatment of HUVECs with ox-LDL/LPS, whereas the reduction observed in KLF2 mRNA levels induced by ox-LDL/LPS was significantly inverse regulated in the presence of Tregs ( Figure 5B ).
Treg-Mediated Suppression of HUVEC Activation and Function Requires Cell Contact and Soluble Factors
To investigate whether suppression of HUVEC activation and function depended on cell contact or soluble factors, we cultured HUVECs without T cells, with Tregs in the presence of anti-CD3 mAbs in either a coculture or a TW system. After 48 hours of culture, the inserts were removed, and the HUVECs in the lower well were stimulated with ox-LDL for 24 hours; as a control group (control), HUVECs were cultured with medium for 24 hours. The expression of VCAM-1 in HUVECs from the coculture system decreased by 71.2% (PϽ0.001) compared with that in a system without T cells ( Figure 6A ). By disrupting physical contact between HUVECs and Tregs, the expression of VCAM-1 in HUVECs from the TW system decreased by 46.5% (PϽ0.01) compared with that in a system without T cells ( Figure 6A ). The MCP-1 and IL-6 in supernatants from all of the described groups were also detected by ELISA assays; similar results were obtained ( Figure 6B ). This partial reversal of suppression could be because of the requirement of cell contact between activated Tregs and ox-LDL-impaired HUVECs.
Previous studies have shown that cytotoxic T-lymphocyte antigen-4 (CTLA-4) may be involved in the cell contactmediated negative regulation of Tregs 21, 22 ; thus, we hypothesized that activated Tregs are able to down modulate proinflammatory cytokine expression on ECs impaired by ox-LDL in a CTLA-4 -dependent manner. Although Tregs are able to increase expression of CTLA-4 on stimulation, 19 we need to confirm that this molecule was present in our cultures. Flow cytometry assays showed that, after being stimulated with anti-CD3 mAbs for 48 hours, viable Tregs and activated fixed Tregs were strongly positive in high expression of CTLA-4 (compared with resting Tregs or resting fixed Tregs: all PϽ0.001); this indicated that activated paraformaldehyde-fixed Tregs show a similar regulatory capacity as viable cells ( Figure 6C ). This was a fundamental study for further fixation and neutralization experiments. For fixation and neutralization experiments, HUVECs were cultured without T cells, with activated fixed Tregs, or with activated fixed Tregs added to anti-CTLA-4 mAbs (anti-CTLA-4, eBioscience) or isotype in the presence of ox-LDL for 24 hours; expression levels of VCAM-1, MCP-1, and IL-6 in HUVECs were then assayed. As shown in Figure 6D and 6E, VCAM-1, MCP-1, and IL-6 expression levels were significantly inhibited in the activated fixed Tregs group, which showed similar regulatory capacity as their norm viable counterpart compared with that in the group without T cells (PϽ0.01). However, the inhibitory effects of activated fixed Tregs were significantly reversed when anti-CTLA-4 mAbs were added (PϽ0.01). CD86 and CD80 are the only 2 known ligands for CTLA-4. Therefore, anti-CD86 mAbs Figure 2 . A, HUVECs were harvested, and expression of VCAM-1 on them was observed by flow cytometry. B, Supernatants were collected, and MCP-1 and IL-6 were detected by ELISA. HUVECs were precultured without T cells (no T), with Tregs (CD25 ϩ ), or with CD4 ϩ CD25 Ϫ T cells (CD25 Ϫ ) in the presence of anti-CD3 mAbs for 48 hours; T cells were depleted by using anti-CD2 beads; and the HUVECs were stimulated with ox-LDL/LPS for an additional 24 hours. C, Supernatants from different groups were collected, and MCP-1and IL-6 were determined by ELISA assays. Data are expressed as meanϮSEM of at least 3 independent experiments. ***PϽ0.001, ##PϽ0.01, ϩϩPϽ0.01, ϩϩϩPϽ0.001.
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(anti-CD86) or anti-CD80 mAbs (anti-CD80) were also added in HUVECs cultured with an activated fixed Tregs system. We found that anti-CD86, but not anti-CD80, has a similar reversion effect with the anti-CTLA-4 on the inhibitory effects of activated fixed Tregs. The isotype-matched control mAbs had no effect ( Figure 6D and 6E ). In the TW system, we found that inflammatory cytokine levels were still markedly reduced compared with those in HUVECs cultured alone (without T cells) (PϽ0.01), indicating that cell contact was only partly necessary and that immunosuppressive cytokines may play a role in Tregmediated suppression on HUVEC proinflammatory cytokine expression. To test the role of immunosuppressive cytokines in the mechanism of regulation by Tregs, we incubated the Tregs with anti-CD3 mAbs for 48 hours and then collected the supernatants, added them to ox-LDL-treated HUVECs supernatant (sup) for an additional 24 hours, and assayed the expression of VCAM-1, MCP-1, and IL-6 in HUVECs. We found that anti-CD3 mAb-treated Tregs can secrete immunosuppressive cytokines to inhibit VCAM-1 (37.1Ϯ4.3%, PϽ0.01), MCP-1 (19.75Ϯ1.9 ng/mL, PϽ0.001), and IL-6 (4.92Ϯ0.9 ng/mL, PϽ0.01) expression in HUVECs compared with that in HUVECs cultured with ox-LDL alone (62.3Ϯ4.9%, 44.11Ϯ3.0 ng/mL, and 9.72Ϯ1.3 ng/mL, respectively). These findings suggest that immune-suppressive cytokines were required in Treg-mediated suppression of HUVEC proinflammatory cytokine expression impaired by ox-LDL ( Figure 7B and 7C ). Important recent advances in the comprehension of the mechanisms of atherosclerosis provided evidence that the immune-inflammatory response in atherosclerosis is modulated by regulatory pathways in which 2 anti-inflammatory cytokines (ie, IL-10 and TGF-␤) play a critical role. 2 Also, Tregs are able to produce immunesuppressive cytokines, such as IL-10 and TGF-␤, on stimulation. 23 Therefore, we test whether IL-10 or TGF-␤ might be involved in the supernatant-mediated suppression of proinflammatory cytokine expression in HUVECs impaired by ox-LDL. First, we confirmed that these cytokines were present in our cultures. ELISA assays showed that supernatants from the coculture system were strongly positive in the expression of TGF-␤ (1.9Ϯ0.12 ng/mL, PϽ0.001) and IL-10 (678.1Ϯ27.8 pg/mL, PϽ0.001) compared with those in the control (0.8Ϯ0.1 ng/mL and 143.3Ϯ25.0 pg/mL, respectively), without T cell (0.7Ϯ0.09 ng/mL and 132.9Ϯ24.2 pg/mL, respectively), or CD25 Ϫ system (0.6Ϯ0.14 ng/mL and 128.5Ϯ26.6 pg/mL, respectively) ( Figure 7A ). Second, neutralizing experiments were performed. Anti-IL-10, anti-TGF-␤, or isotype mAbs were added to the sup system. After treatment with anti-TGF-␤ or anti-IL-10 mAbs, the inhibitory effects of supernatants were significantly reduced; moreover, the suppression of VCAM-1, MCP-1, and IL-6 expression in HUVECs was markedly abrogated when both neutralizing anti-IL-10 and neutralizing anti-TGF-␤ mAbs were added. The isotype-matched control mAbs had no effect. Furthermore, we cultured HUVECs with TGF-␤ mAbs (final concentration, 1.9 ng/mL) or IL-10 mAbs (final concentration, 678.1 pg/mL) for 48 hours and then added ox-LDL for another 24 hours. The expression of VCAM-1 in HUVECs and MCP-1 and IL-6 from supernatants was measured and showed a significant reduction in HUVECs from the TGF-␤ or IL-10 system compared with that from the no T-cell system ( Figure 7B and 7C ).
Discussion
Atherosclerosis is driven by a chronic inflammatory process within the arterial wall, initiated mainly in response to Figure 6 . Treg-mediated suppression of HUVEC activation and function requires cell contact by CTLA-4 and CD86. HUVECs were cultured without T cells (no T) or with Tregs in the presence of anti-CD3 mAbs in either a coculture (CC) or a TW system. After 48 hours of culture, the inserts were removed and HUVECs in the lower well were stimulated with ox-LDL; as a control, HUVECs were cultured without anything but serum-free Ml99 medium. A and B, After cells were cocultured for 24 hours, HUVECs were harvested and the expression of VCAM-1 on them was observed by flow cytometry (A); supernatants were collected, and MCP-1 and IL-6 were detected by ELISA (B). Purified Tregs from peripheral blood mononuclear cells were divided into 4 fractions. One part was activated with anti-CD3 mAbs for 48 hours and fixed with 2% paraformaldehyde (activated-fixed Tregs); the second part was fixed with 2% paraformaldehyde without activation (resting-fixed Tregs); the third part was stimulated with anti-CD3 mAbs for 48 hours (viable Tregs); and the last part was left untreated (resting Tregs). C, Then, the expression of CTLA-4 in these 4 parts of Tregs was detected by flow cytometry. HUVECs were cultured without T cells, with activated fixed Tregs, with activated fixed Tregs added to anti-CTLA-4 mAbs (anti-CTLA-4), with activated fixed added anti-CD86 mAbs (anti-CD86), or with activated fixed added anti-CD80 mAbs (anti-CD80) or isotype mAbs in the presence of anti-CD3 mAbs for 48 hours and then stimulated with ox-LDL. D and E, After cells were cocultured for 24 hours, HUVECs were harvested and the expression of VCAM-1 on them was observed by flow cytometry (D); supernatants were collected, and MCP-1 and IL-6 were detected by ELISA (E). Data are expressed as meanϮSEM of at least 3 independent experiments. *indicates V.S. no T; §, V.S. activated fixed Tregs; *PϽ0.05; **PϽ0.01; ##PϽ0.01; ϩϩPϽ0.01; §PϾ0.05. endogenously modified structures, particularly oxidized lipoproteins or LPS that stimulates both innate and adaptive immune responses, leading to further alteration of the vascular wall and promotion of disease progression and complications. 2, 24 The historical focus of immunologic studies on regulation of atherogenesis has been on the functions of infiltrating macrophages and T cells. However, recent reports demonstrated that ECs play a major role in atherogenic initiation, changing their quiescence into activated phenotypes to support every phase of the inflammatory process. 25, 26 ECs play an important role in many phases of immunologic events. In inflammation, ECs exhibit increased adhesiveness for host leukocytes and are involved in their recruitment to the interstitium of the tissue. 27 Furthermore, ECs could effectively present alloantigens to lymphocytes, leading to T-cell activation. 28 Concerns in recent studies have been focused on the mechanisms of costimulation for T-cell activation delivered by ECs. 29, 30 In the present study, we have examined the interactions of activated Tregs with ox-LDL/ LPS-impaired HUVECs and found a critical role of Tregs in protecting the activation and function of HUVECs.
The important role of ECs in antigen presentation and immunogenicity in vascular inflammation and autoimmune responses has been recognized. ECs represent a highly heterogeneous population of cells with the ability to modulate the function of immune cells. 31 The immunogenicity of ECs is significantly upregulated when ECs are activated and then can highly express HLA DR and costimulators, such as CD86 and CD80. 24, 32, 33 Our studies showed that Tregs are able to induce alternative expression of immune phenotypic markers of activated HUVECs by down modulating CD86, which extends previous reports that costimulatory molecule expression on ECs can provide important supplementary signals for Tregs interacting with ECs. However, there is conflicting evidence in the literature regarding the expression of CD86 and CD80 molecules on ECs, with some reports showing their presence 34 and others reporting their absence. 35 These discrepancies may reflect different culture conditions and serial passages of cells or inherent differences between ECs derived from different vascular beds. Furthermore, it is possible that conflicting results regarding the tissue-specific phenotype of ECs could arise from the use of different isolation techniques or different selection of EC subpopulations during subculture. Moreover, Tregs inhibit the proinflammatory response of HUVECs to ox-LDL/LPS, accompanied by a reduction in the upregulation of NF-B activation. All the data described demonstrated that Treg-treated ECs confer a quiescent EC state with reduced expression of costimulatory, adhesion, and chemokine molecules, indicating that Tregs may exert their protective effects against atherogenesis in part through inducing an immune-inhibitory phenotype of ECs to a greater extent than nontreated ECs. In recent years, KLF2 has emerged as a master regulator of endothelial quiescence, anti-inflammatory and antithrombotic properties, and vascular tone by activating atheroprotective and inhibiting atherogenic transcription. 36 KLF2 acts as a central transcriptional switch point between the quiescent and activated states of the adult EC. 37, 38 Our study identified KLF2 as being inhibited by proinflammatory stimuli, such as ox-LDL/LPS, and inverse regulated by Tregs. Although the molecular basis for Treg regulation of KLF2 remains unknown in HUVECs, recent studies by Kumar et al 39 implicate p65 and histone deacetylases in repressing the expression of this factor. Whether similar mechanisms are operative in Treg-mediated suppression of HUVEC activation is unclear. However, the interesting possibility is raised that KLF2 and NF-B may function in a mutually antagonistic manner and that the balance of these 2 factors may dictate the degree of cellular activation.
Several mechanisms of Treg-mediated suppression have been proposed, including secretion by the Tregs of immunosuppressive cytokines, cell contact-dependent suppression, and functional modification or killing of activated protein C. 7 To investigate the mechanisms of Treg-mediated suppression of ECs, TW experiments and neutralizing antibodies were used. By disrupting physical contact between HUVECs and Tregs (TW), the suppression of proinflammatory cytokine expression was only partly reversed, suggesting that cell-tocell contact was required in Treg-mediated suppression. Activated-fixed and viable Tregs almost had a similar regulatory capacity as their normal viable counterpart. Moreover, blocking CTLA-4 on Tregs significantly decreased their suppression effects on activated ECs. Therefore, these experiments demonstrated that the suppression function of Tregs involved direct contact-dependent interactions with ECs and was, in part, mediated by CTLA-4. This underlines and extends prior findings on regulatory function, demonstrating that surface molecules induced after activation of Tregs are responsible for the regulatory capacity of these cells.
CTLA-4 belongs to the same family as CD28 and binds to the same ligands, CD80 and CD86. Recent reports have shown that the interaction of CTLA-4 with CD80/CD86, expressed by activated protein Cs, may modulate immune responses. 40 This raises the possibility that anti-CTLA-4 mAbs may disrupt Treg function by preventing a CTLA-4mediated signal through CD80/CD86 expressed on dendritic cells. The data show that binding of a CTLA-4 -Ig fusion protein to the surface of dendritic cells induces expression of indoleamine 2,3 dioxygenase, leading to the depletion of tryptophan and the inhibition of T-cell function. 41 CTLA-4 expressed by Tregs has similar effects, suggesting that this interaction may be important for the suppressive activity of these cells. 42 Our findings that activated Tregs are able to down modulate CD86 and proinflammatory cytokine expression on ECs impaired by ox-LDL in a CTLA-4 -dependent manner are in line with these data, raising the possibility that it is ligation of CD86 on ECs by CTLA-4 expressed on Tregs that is crucial for Treg-mediated suppression of inflamed ECs.
However, the facts that VCAM-1, MCP-1, and IL-6 levels were still markedly reduced compared with those in HUVECs alone in the absence of cell-to-cell contact and that the combination of neutralizing antibodies to IL-10 and TGF-␤ completely abrogated suppression indicated that soluble factors may play a role in immune suppression mediated by Tregs. Thus, it is possible that, although cell-to-cell contact contributes to suppression, it is dependent on Treg-derived cytokines, which regulate/induce mechanisms directly responsible for blocking HUVEC cell functions. Our data suggest that the mechanisms involving cell-to-cell contact and also requiring cytokines contribute to suppression mediated by Tregs.
In conclusion, our study shows the following results. (1) Activated Tregs are able to down modulate costimulatory molecules CD86 and proinflammatory cytokine VCAM-1, MCP-1, and IL-6 expression on HUVECs impaired by ox-LDL/LPS. (2) Tregs downregulate proinflammatory factor NF-B activation and induce resistance to suppression of anti-inflammatory factor KLF2 in HUVECs exposed to ox-LDL/LPS. (3) Tregs may exert their protective effect against atherogenesis in part through inducing an immune-inhibitory phenotype of ECs involving CTLA-4 -dependent cell-to-cell contact and also requiring soluble factors, by IL-10 and TGF-␤. This newly discovered ability of Tregs may help us to understand the mechanisms of Tregs in atherosclerosis processes and may also provide a novel tool to manipulate atherosclerosis development.
